Avian sperm biology has demonstrated specific features in preparation for fertilization. For example, capacitationlike processes and motility hyperactivation do not exist in the form described in mammals. The present study investigated the potential involvement of several signaling pathways, including protein kinase A (PKA), phosphatidylinositol 3 kinase (PIK3), mitogen-activated protein kinase 3/1 (MAPK3/1), and MAPK14 in the chicken acrosome reaction (AR). The presence in chicken spermatozoa of key proteins involved in these signaling pathways (i.e., cAMP-responsive element-binding protein [CREB], AKT, MAPK1, and MAPK14 and their respective phosphorylated forms) was detected using immunoblotting and localized by immunocytochemistry, mainly in the heads. The potential involvement of these pathways in the AR induced by inner perivitelline layer (IPVL) and Ca 2+ was then examined using specific inhibitors and phosphorylation status measurements. The effects of the specific inhibitors on motility were also measured. Phosphorylations of AKT, CREB, and MAPK1, but not MAPK14, were increased at the time of AR. Phosphorylation of AKT was increased in the presence of IPVL alone, whereas both IPVL and Ca 2+ were needed to increase CREB and MAPK1 phosphorylations. Inhibition of the three corresponding pathways blocked the increase in phosphorylation and significantly decreased AR. Inhibitions of the PKA and MAPK1 pathways also significantly decreased motility, whereas MAPK14 and PIK3 inhibition had no effect on motility. Our results suggest that the AR could be mediated by activation of the PKA, PIK3, and MAPK1 pathways through a sequential action involving, successively, PIK3 and then PKA and MAPK1 activations.
INTRODUCTION
In animal species with internal fertilization, spermatozoa must undergo the acrosome reaction at the site of fertilization.
The acrosome reaction involves fusion between the sperm plasma membrane and the underlying outer acrosomal membrane, and it results in the release of proteolytic enzymes [1] . This reaction facilitates penetration of the egg vestments and reorganizes the sperm head in preparation for sperm fusion with the oolemma [2] . The mammalian acrosome reaction occurs on contact with the zona pellucida (ZP) that surrounds the egg [1] and represents an end point after the capacitation process is completed by the spermatozoa in the female tract. Capacitation occurs in vivo in the female genital tract and involves several biochemical and ultrastructural changes, such as modification of lipid composition, increase in membrane permeability, acquisition of hyperactivated motility, and phosphorylation of proteins on tyrosine, serine, and threonine residues [3] [4] [5] [6] .
Bird spermatozoa may remain for a very long time in the female genital tract (up to 3 wk in the hen) before reaching the site of fertilization and undergoing the acrosome reaction to penetrate the inner perivitelline layer (IPVL) that surrounds the oocyte [7] . However, in contrast to mammals, in which the period of capacitation is prerequired, the acrosome reaction of chicken spermatozoa can be induced very rapidly in vitro in a simple saline medium containing only Ca 2þ and IPVL [8, 9] .
Although the precise mechanisms of capacitation and the acrosome reaction are not fully understood in mammals, there is evidence that several signal transduction pathways are involved in these processes [10] . Among the reported pathways, the protein kinase A (PKA) pathway has been shown to regulate protein tyrosine phosphorylation during capacitation and/or the acrosome reaction of spermatozoa of various species, including the mouse, bull, boar, human, hamster, and stallion [11] [12] [13] [14] [15] [16] . The mitogen-activated protein kinases (MAPKs), protein kinase C (PKC), and phosphatidylinositol 3 kinase (PIK3) also appear to have a role in capacitation and acrosome reaction processes [10] .
In contrast to mammals, very few studies have been undertaken to study the signaling pathways involved in initiation of the chicken acrosome reaction. Ashizawa et al. [17] showed that PKC may contribute to inhibition of the reaction. In addition, protein phosphatases type 1 and/or type 2A and protein phosphatase type 2B have been suggested to be involved in the regulation of the acrosome reaction in the chicken, because specific inhibition activities of these phosphatases significantly stimulate the reaction [17] [18] [19] . However, the potential involvement of kinases, such as MAPKs (MAPK3/1 and MAPK14), PKA, and PIK3, has not been investigated to date. Further, there is no evidence for the existence of these proteins in chicken spermatozoa.
Different signaling pathways involved in the acrosome reaction have also been shown to be involved in the stimulation or inhibition of motility of spermatozoa. These include PKA, PIK3, MAPK3/1, and MAPK14 in mammals [20, 21] . In the chicken, MAPK/p34 cdc2 substrate has been reported to inhibit flagellar motility of demembranated chicken spermatozoa, suggesting a positive role for MAPK3/1 in motility [22] . In contrast, PKC could negatively regulate the motility of chicken spermatozoa [17] .
In the present study, we characterized the presence of total and phosphorylated forms of key proteins of different signaling pathways that had not been characterized previously in chicken spermatozoa. These proteins included MAPK1, MAPK14, AKT (PIK3 pathway), and the cAMP response elementbinding protein (CREB; PKA pathway). Using specific inhibitors, we investigated the potential involvement of the corresponding signaling pathways in the Ca 2þ /IPVL-induced acrosome reaction and motility. In addition, the phosphorylation status of the different proteins studied was evaluated at the time of acrosome reaction.
MATERIALS AND METHODS

Reagents and Antibodies
The cell-permeable selective inhibitors H89 (specific to PKA); LY 294002 (specific to PIK3); U0126 (specific to mitogen-activated protein kinase kinase 1/2, MAP2K1/2, upstream of MAPK3/1); SB 202190 (specific to MAPK14A and MAPK14B); and U0124 and LY 303511, inactive structural analogues of U0126 and LY 294002, respectively, were purchased from Merck Chemicals Ltd. (Nottingham, U.K.). They were dissolved in dimethyl sulfoxide (DMSO) as stock solution (5 mM) and stored at À208C until use. Other chemicals were from Sigma Chemical Co. (St. Louis, MO).
Rabbit polyclonal antibodies to phospho-MAPK3/1 (Thr202/Tyr204), phospho-MAPK14 (Thr180/Tyr182), phospho-CREB (Ser133) and AKT, rabbit monoclonal antibody to CREB (48H2), and blocking peptide AKT were purchased from Cell Signaling Technology Inc. (Danvers, MA). Blocking peptide CREB was purchased from Millipore (Billerica, MA). Rabbit polyclonal antibodies to MAPK1 (C-14), MAPK14A (C-20) and phospho-AKT1/2/3 (Ser473), and blocking peptide MAPK1 (C-14) and MAPK14A (C-20) were purchased from Santa Cruz Biotechnology Inc. (Santa Cruz, CA). All antibodies were used at 1:500 dilutions for Western blotting.
Animals
The males studied were 28-to 50-wk-old adult chickens of the meat type Dþ line [23] . The females were 25-to 60-wk-old adult Isa Brown layer-type hens (Institut de Sélection Animale, Saint Brieuc, France). All of the animals were housed in individual battery cages under a 14L:10D photoperiod and fed a standard diet of 12.5 MJ/day, females being supplemented with Ca 2þ . Animals were treated in accordance with the French national guides for the care and use of experimental animals. All procedures were performed with the agreement of the French Direction des Services Vétérinaires with the agreement number B 37-175-1.
Semen Collection and Preparation
Semen was collected twice a week by the abdominal massage method [24] . Sperm concentration was determined by light absorption of semen with a photometer (IMV, L'Aigle, France) at a wavelength of 545 nm [25] . Only the ejaculates containing more than 80% motile cells (measured by computerassisted semen analysis [CASA]) were retained for each experiment. Samples of semen pooled from three males were centrifuged at 500 3 g for 10 min at room temperature. The sperm pellet was resuspended in Beltsville Poultry Semen Extender to provide a final sperm concentration of 2 3 10 9 cells/ml before further dilution and use.
Isolation and Culture of Granulosa Cells
To characterize the presence of CREB, AKT, MAPK3/1, and MAPK14 in chicken spermatozoa, lysates of hen granulosa cells (GCs) stimulated with insulinlike growth factor 1 (IGF1) or luteinizing hormone (LH), or left unstimulated were used as positive and negative controls for the Western blots (described in the next paragraph) as described previously [26] . Hen follicles were isolated and then placed in ice-cold sterile 1% NaCl saline solution for immediate use. Granulosa cells from F(1), F(2), and mixed F(3) and F(4) (F3/4) follicles were dispersed in 0.3% collagenase type A (Roche Diagnostics) in F12 medium containing 5% fetal calf serum (FCS; Sigma). Cells were recovered by centrifugation and washed with fresh medium. Cells were initially cultured for 12 h in DMEM supplemented with 100 U/ml penicillin, 100 mg/L streptomycin, 3 mM L-glutamine, and 5% FCS. The cells were then cultured for 24 h in serum-free medium prior to addition of 10 À8 M recombinant human IGF1 (Sigma) or 10 À8 M LH for 10 min in fresh culture. Cultures were performed under a water-saturated atmosphere of 95% air/5% CO 2 at 378C.
Western Blots
Total proteins were extracted from spermatozoa and GCs on iced lysis buffer (10 mM Tris [pH 7.4], 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid, 1 mM ethylene glycol tetraacetic acid, and 0.5% SDS) containing various protease inhibitors (2 mM PMSF, 10 mg/ml leupeptin, and 10 mg/ml aprotinin) and phosphatase inhibitors (100 mM sodium fluoride, 10 mM pyrophosphate, and 2 mM sodium orthovanadate [Sigma] ). Lysates were centrifuged at 13 000 3 g for 20 min at 48C, and the protein concentration in the supernatants was determined using a colorimetric assay (BioRad DC Protein Assay; BioRad, Hercules, CA).
Sperm proteins (80 lg) and GC proteins (50 lg) were denatured in Laemmli buffer at 958C and separated by SDS-PAGE. Proteins were then electrotransferred onto nitrocellulose membranes and submitted to immunodetection with the relevant antibody (final dilution 1:500). Membrane-bound secondary antibodies (horseradish peroxidase-conjugated goat anti-rabbit immunoglobulin G; final dilution 1:5000; Cell Signaling Technology) were detected using the ECL Western blotting detection kit (Amersham, Uppsala, Sweden). The films were analyzed and signals quantified with Quantity Analysis Software, version 4.6.3 (Bio-Rad).
Immunocytochemistry
Sperm cells were fixed in formaldehyde (4%) for 10 min. Cells were washed two times at 10-min intervals with PBS and then permeabilized with 0.1% Triton X-100 buffered in PBS. Nonspecific reactive sites were blocked for 20 min with 2% bovine serum albumin (BSA) buffered in PBS. The cells were then incubated for one night at 48C with anti-CREB, anti-AKT, anti-MAPK1, or anti-MAPK14, which were diluted 1:50, washed two times with PBS, and then probed with a secondary fluorescein isothiocyanate (FITC)-conjugated goat anti-rabbit (1:200; Sigma) for 2 h at room temperature. Nonspecific staining was determined by preincubation of the anti-CREB, anti-AKT, anti-MAPK1, and anti-MAPK14 with 25 lM blocking peptides CREB, AKT, MAPK1, and MAPK14, respectively, for 1 h prior to incubation with the cells or by incubating the sperm without primary antibody. An aliquot of each suspension was examined by phase contrast and fluorescence microscopy (10003; Zeiss Axioplan 2; Zeiss Gruppe, Jena, Germany).
Incubation of Spermatozoa
Inner perivitelline layers were isolated from oviposited eggs. A 2 3 2 cm square of IPVL was homogenized in 1 ml of 150 mM NaCl with 20 mM TES (N-Tris-[hydroxymethyl]-methyl-2-aminoethanesulfonic acid) at pH 7.4 (NaCl-TES). Aliquots of 20 3 10 6 spermatozoa were preincubated for 10 min at 408C in 1 ml of NaCl-TES containing 5 mM Ca 2þ in the presence or absence of DMSO or of various concentrations of H89, LY 294002, U0126, and SB 202190 or, when available, of their inactive structural analogues. A total of 100 ll of IPVL preparation was then added to the medium, and sperm analysis was performed after 5 min of incubation at 408C.
Sperm Analysis
Evaluation of acrosome reaction by FITC-conjugated peanut agglutinin. Acrosome-reacted spermatozoa were identified using FITC-conjugated peanut agglutinin (FITC-PNA; Arachis hypogeae) according to an adaptation of the method described previously [8] . Peanut agglutinin binds to acrosome-reacted but not acrosome-intact spermatozoa. Briefly, samples were centrifuged at 400(10003; Zeiss Axioplan 2). A minimum of 100 spermatozoa were counted for each sample, and acrosome-reacted spermatozoa were characterized by the green fluorescence of the acrosomal region.
Proportion of viable spermatozoa. Sperm viability was assessed by propidium iodide (PI) staining [27] . After incubation, samples were centrifuged at 400 3 g for 5 min. The pellets were resuspended in NaCl-TES with 20 lg/ml PI for 5 min in darkness, and aliquots of the suspensions were examined using fluorescence microscopy (10003; Zeiss Axioplan 2). A minimum of 100 spermatozoa were counted from each sample. Membrane-damaged cells showed red fluorescence.
Objective parameters of motility. The CASA of different objective motility parameters was performed with an HTM-IVOS (Hamilton Thorne Biosciences, Beverly, MA) as described previously [28] . The parameters that were measured were percentage of motile spermatozoa, curvilinear velocity (VCL; average velocity measured over the actual path), progressive velocity (VSL; straight-line distance between beginning and end of the track/time elapsed), path velocity (VAP; velocity/average position of the spermatozoa), straightness (STR; STR ¼ 100 3 [VSL/VAP]), linearity (LIN; departure of the cell track from a straight line; LIN ¼ 100 3 [VSL/VCL]), proportion of rapid spermatozoa (RAPID; percentage of spermatozoa moving with VAP . 60 lm/ sec), and proportion of progressive spermatozoa (PROG; proportion of rapid cells with straightness .80%). Other parameters classically measured on mammalian spermatozoa, such as the mean amplitude of lateral head displacement and the frequency of head displacement, were not retained because they were inconsistent for chicken spermatozoa.
Aliquots of 2.5 ll of sperm diluted at 1:200 in their corresponding incubation media were observed in MAKLER chambers (0.01 mm 2 ; 10 lm deep; Sefi-Medical Instruments Ltd., Haifa, Israel). Three analyses were performed per sample.
Statistical Analysis
Statistical analyses were performed with the Statview software (Abacus Concepts Inc., Berkeley, CA). All experimental data are presented 6 SEM. Data were subjected to statistical analysis with one-way ANOVA and Fisher protected least significance difference tests, and statistical significance was accepted when P , 0.05.
RESULTS
Characterization of the Presence of Key Proteins of Different Signaling Pathways in Chicken Spermatozoa
To determine whether components of the PKA, PIK3, MAPK3/1, and MAPK14 pathways are present in chicken spermatozoa, Western blotting was performed on lysates of spermatozoa obtained just after semen collection and elimination of seminal plasma (Fig. 1) . Bands of approximately 43 kDa for CREB (Fig. 1A) , 60 kDa for AKT (Fig. 1B) , 42 kDa for MAPK1 (Fig. 1C) , and 38 kDa for MAPK14 (Fig. 1D) were detected. Phosphorylated forms of these proteins were also revealed, and the specificity of observed bands was assessed by the use of lysates of hen GCs stimulated with IGF1 or LH. Despite the use of anti-phospho-MAPK3/1 antibody, only a band of approximately 42 kDa was detected. Phospho-MAPK1 was thus the only isoform revealed in spermatozoa and in the GCs. These results showed that CREB, AKT, MAPK1, and MAPK14 and their respective phosphorylated forms are present in chicken spermatozoa, thus suggesting the existence of functional PKA, PIK3, MAPK1, and MAPK14 pathways in these cells.
We then localized the different key proteins by immunocytochemistry (Fig. 2) . The morphology of the chicken spermatozoon observed by optical microscopy shows a long flagellum (mean, 90-lm length, 0.2-lm diameter) and a quite long (mean, 12 lm) but very thin (0.5 lm diameter) part that includes the head and intermediate piece without clear separation between the different cell compartments, as shown in Figure 2 . Immunostainings of CREB ( Fig. 2A) , AKT (Fig.  2B) , and MAPK14 (Fig. 2D) were observed in the head region. MAPK1 was mainly localized in the area of the intermediate piece (Fig. 2C) , but also in the head and the flagellum. Preabsorption of the antibodies with the relevant blocking peptides (Fig. 2) or sperm incubation without the primary antibodies (data not shown) resulted in the disappearance of the staining.
To investigate the role of the studied signaling pathways in the acrosome reaction and the motility of chicken spermatozoa, inhibitors of these pathways were used. Western blot analyses were performed on protein extracts from spermatozoa incubated with 50 lM H89, LY 294002, U0126, or SB 202190, and inhibitors of PKA, PIK3, MAP2K1/2, and MAPK14, respectively, to assess the efficacy of these inhibitors in chicken spermatozoa. As shown in Figure 3A , there was a 60% reduction in the basal phosphorylation of CREB, a downstream effector of PKA, when spermatozoa were treated with 50 lM H89. Basal phosphorylation of AKT, downstream effector of PIK3, was reduced by 50% in spermatozoa treated with 50 lM LY 294002 (Fig. 3B) . Treatment of spermatozoa with 50 lM U0126 induced a 65% reduction in the basal phosphorylation of MAPK1 (Fig. 3C) . Phosphorylation of MAPK14 was totally inhibited by addition of 50 lM SB 202190 (Fig. 3D) .
Thus, the use of these specific inhibitors (H89, LY 294002, U0126, and SB 202190) at 50 lM was effective in chicken spermatozoa. Furthermore, in these conditions, they did not affect the viability of spermatozoa according to PI staining (data not shown).
Effects of Inhibition of Key Proteins of Different Signaling Pathways on Chicken Acrosome Reaction
To investigate whether the PKA, PIK3, MAPK3/1, and MAPK14 pathways are involved in the initiation of the acrosome reaction, spermatozoa were preincubated in the presence of different doses of specific inhibitors of these pathways, and initiation of the Ca 2þ /IPVL-induced acrosome reaction was then evaluated. In control experiments in which chicken spermatozoa were incubated in NaCl-TES in the presence of Ca 2þ and IPVL, the acrosome reaction rate was greater than 30% (Fig. 4) . Addition of H89 in the range of 1-50 lM decreased the rate of acrosome reaction in a dosedependent manner, and addition of 50 lM of this inhibitor totally abolished the acrosome reaction (P , 0.05). Similar inhibition of the acrosome reaction occurred in the presence of 1-50 lM U0126. Use of 1-50 lM LY 294002 also affected the acrosome reaction. Inhibition was not total with LY 294002, although the maximum effect was detected with 1 lM. Specificity of the inhibition was also demonstrated by the use of inactive structural analogues when available (i.e., LY 303511 and U0124), which had no effect on the acrosome reaction (data not shown). Treatment with SB 202190 did not affect initiation of the acrosome reaction, even with the higher dose, which totally abolished MAPK14 phosphorylation, as described in Figure 3 .
Phosphorylation of Key Proteins in Acrosome-Reacted Spermatozoa
Western blot analyses of the phosphorylation of key proteins possibly involved in the chicken acrosome reaction were made on spermatozoa incubated in NaCl-TES in the presence or absence of Ca 2þ and/or IPVL (Fig. 5) . The combination of Ca 2þ and IPVL induced a mean of 30% of acrosome-reacted spermatozoa, whereas the presence of Ca 2þ alone or of IPVL alone did not induce any acrosome reaction (data not shown), in accordance with previous results [9] . The results reported in Figure 5 show that the sperm incubation with the acrosome inductors (Ca 2þ /IPVL) increased the phosphorylation of the three proteins CREB (Fig. 5A) , AKT (Fig. 5B) , and MAPK1 (Fig. 5C ), and this phosphorylation was significantly decreased by H89, LY 294002, and U0126, respectively. Increases in MAPK1 and CREB phosphorylation were obtained only in the presence of Ca 2þ /IPVL, whereas the addition of IPVL alone increased the phosphorylation of AKT. Phosphorylation state of MAPK14 was only affected in the presence of SB 202190 (Fig. 5D) .
Effects of Inhibition of Key Proteins of Different Signaling Pathways on Motility of Chicken Spermatozoa
Involvement of the PKA, PIK3, MAPK1, and MAPK14 pathways in the motility of chicken spermatozoa was also investigated by the use of specific inhibitors of these pathways. In control experiments in which chicken spermatozoa were incubated in NaCl-TES with Ca 2þ and IPVL, the percentage of motile spermatozoa was around 84% (Tables 1-4 ). As reported in Table 1 , the results showed that addition of H89 in the range of 1-50 lM did not affect the percentage of motile spermatozoa, but the dose of 50 lM significantly decreased the percentage of rapid and progressive spermatozoa (12% and 13% decreases, respectively), as well as the parameters of sperm velocity VCL (23 lm/sec decrease), VSL (17 lm/sec decrease), VAP (18 lm/sec decrease), and LIN (5% decrease; Table 1 ). Treatment of spermatozoa with LY 294002 did not affect any of the parameters of motility, whatever the concentration used (Table 2) . At almost all doses tested, addition of U0126 significantly decreased the percentage of motile, rapid, and progressive spermatozoa (20%, 30%, and 10% decreases, respectively), as well as parameters of sperm velocity VCL (40 lm/sec decrease), VSL (15 lm/sec decrease), and VAP (20 lm/sec decrease; Table 3 ). Treatment of spermatozoa with U0124 did not affect the parameters of motility, thus demonstrating the specificity of U0126 effect (data not shown). None of the motility parameters was significantly changed by the addition of SB 202190 (Table 4) .
DISCUSSION
Several signaling pathways have been characterized in mammalian spermatozoa during the last 20 yr. PKA, PKC, MAPK3/1, PIK3 and, more recently, MAPK14 have been shown to be involved to greater or lesser degrees in the capacitation and acrosome reaction processes, depending on the species [6, 10, 20, 21] . By contrast, very few signaling pathways have been characterized in avian spermatozoa. Ashizawa et al. [17, 29] showed the presence of PKC in avian spermatozoa and showed its possible inhibitory effect on the acrosome reaction. The same authors also suggested the existence of MAPK in chicken spermatozoa by indirect measurement of activity [22] . However, studies of the signaling pathways involved in the induction of the acrosome reaction are still very incomplete in this species, despite major interest in understanding the internal fertilization process.
In the present study, we investigated the presence in chicken spermatozoa of several kinases that have never been studied in avian gametes, and we showed their possible action in the acrosome reaction. We thus characterized the presence of CREB, AKT, MAPK1, and MAPK14, and their respective phosphorylated forms, showing that these proteins may be activated in chicken spermatozoa. In addition, the results obtained in the present study showed that the PKA, PIK3, and MAPK1 pathways could be involved in the stimulation of the acrosome reaction of chicken spermatozoa. On the other hand, inhibitor of MAPK14 did not affect induction of the reaction, in contrast to its known action in mammalian species.
The presence in chicken spermatozoa of the different kinases studied here was expected, because the corresponding signaling pathways are involved in many biological processes and because these pathways are believed to be quite well conserved through the animal phylogeny. However, species or cellular specificity cannot be excluded. For example, recent studies in humans could not detect MAPK8 in spermatozoa 662 LEMOINE ET AL. [20] . The different proteins detected in the present study often showed quite low signals compared with the signals found in GCs used in comparison. However, all of the sperm proteins studied and their phosphorylated forms were detected, and the actions of their specific inhibitors were measured quantitatively, thus validating detection. With regard to the MAPK3/1 protein, only the MAPK1 isoform was detected, and MAPK3 that is usually detected in spermatozoa of many other species was not present. This is related to species specificity, because the mapk3 gene is not present in the Gallus gallus genome [30] . The presence of the different proteins in the spermatozoa was confirmed by immunocytochemistry. Most of them were mainly localized in the head area, with the exception of MAPK1, which showed localization all over the sperm, with the main intensity on the midpiece. Although this localization must be carefully interpreted because of the form of the head/ intermediate piece of the chicken sperm, the probable presence of these proteins in the head is coherent with the possible action of some of them in the acrosome reaction process.
Three of the signaling pathways studied here seem to be involved in the chicken acrosome reaction. The PIK3 pathway has been shown previously to be involved in the stimulation of the mammalian acrosome reaction, alone or by interaction with PKC and MAPK3/1 pathways [3, 31, 32] . In the present study, inhibition of PIK3 with LY 294002 significantly decreased the chicken acrosome reaction after incubation in an acrosome reaction-inducing medium. We also showed that AKT was phosphorylated in conditions of acrosome reaction. These results suggest the involvement of the PIK3 intracellular pathway in the stimulation of the acrosome reaction in chicken spermatozoa. However, AKT was the only protein studied here that was significantly phosphorylated by the presence of IPVL alone. The role of IPVL that contains ZP proteins in birds has been suggested to be more or less equivalent to the ZP of the mammalian oocyte, even if its specificity to induce acrosome reaction has been questioned [9] . It may be suggested that the incubation of spermatozoa with IPVL induces the activation of PIK3 pathway-activation that may prepare the initiation of the acrosome reaction.
The involvement of PKA in the capacitation and acrosomal processes has long been established in mammalian species [14, 33, 34] . One of the roles of PKA in the mammalian acrosome reaction may be to activate a calcium-dependent channel [35] , whereas PKA may also be involved in modulating the role of phospholipase A2 (PLA2) in the process [36] . The involvement of PKA in the chicken acrosome reaction is supported by our experiment in which the use of H89 inhibited initiation of the reaction in a dose-dependent manner. Moreover, an increase of the CREB phosphorylation was shown in conditions of acrosome reaction. Because calcium shares a central role in the chicken acrosome reaction [9] , and chicken spermatozoa PLA2 has be proven to be active and suspected of involvement in the degradation of phospholipids during in vivo and in vitro processes [37] , it may be suggested that PKA could be involved in the regulation of calcium-dependent channels and in the modulation of phospholipase activity, as described in the mammalian acrosome reaction.
MAPKs also have a pivotal role in signal transduction. Four major MAPK cascades are known in mammals, including MAPK3/1, MAPK14, MAPK8, and MAPK7. The MAPK3/1 cascade consists of Raf (MAP3K), MA2K1/2, MAPK3/1, and several MAPK-activating protein kinases. It may be involved in the mammalian acrosome reaction through different routes; for example, the regulation of gamma amino butyric acid and ZP3 activity, the regulation of PLA2 activity, and an interaction with the PIK3 pathway [21, 36] . We showed here that the chicken acrosome reaction was inhibited by U0126, a specific inhibitor of MAP2K1/2 and, as with H89, inhibition was dose dependent, suggesting an activation of the MAPK1 pathway in the chicken acrosome reaction. Similarly to CREB, MAPK1 was significantly phosphorylated only in the presence SIGNALING PATHWAYS IN CHICKEN ACROSOME REACTION of the combination of Ca 2þ and IPVL, conditions needed for the expression of acrosome reaction. This leads us to suggest a sequential action of events in the initiation of the reaction that may occurs in vivo with: 1) an activation of PIK3 by IPVL through unknown mechanisms, and 2) an activation of calcium-dependent channels in the presence of the high content of calcium of the hen oviduct, with the combination of both leading to 3) acrosome reaction with the activation of the PKA and MAPK1 pathways. In contrast to the MAPK3/1 pathway, the role of the MAPK14 pathway has been poorly studied in sperm biology. This pathway, mainly involved in stress, inflammation ,and growth, has been shown recently to be positively involved in the PKC-mediated acrosome reaction in humans [20] . By contrast, we showed in the chicken that the MAPK14 pathway does not stimulate the acrosome reaction. This could be in accordance with the lack of positive effect of PKC on the chicken acrosome reaction, in contrast to mammals [17, 38] . It is not really surprising that some signaling pathways involved in the acrosome reaction differ between mammals and birds. Despite the same finishing point of the reaction in mammals and birds, there are known fundamental differences in the reaction between both animal classes. In contrast to mammals, chicken spermatozoa probably do not need to be capacitated, because the acrosome reaction is induced very rapidly in vitro [8, 9] . Moreover, certain factors involved in stimulating the mammalian acrosome reaction (such as progesterone, BSA, and bicarbonate) do not stimulate this reaction in chicken spermatozoa [9] .
Another difference between the preparation of mammal and bird fertilization is the lack of a hyperactive form of motility in the chicken [9] , suggesting that the signaling pathways involved in motility regulation at the time of the acrosome reaction could differ between the two animal classes. Many signaling pathways are believed to be involved in the regulation of motility and its hyperactivation at the time of the acrosome reaction in mammals. Of these, PKA and its role in ATP regulation share a central place [39] . MAPK3/1 also seems to be involved, with sometimes contradictory effects and associations with PKC pathways [21] . MAPK14 has been shown recently to inhibit sperm motility in humans [20] . PIK3 is also involved in interactions with MAPK3/1 and PKA [40, 41] . Studies by Ashizawa et al. [22, 29] have indicated a possible stimulating effect of MAPK pathways on motility in avian species.
In the present study, we showed that the highest dose of H89 tested affected motility parameters. This inhibitor negatively affects most of the parameters of motility except the percentage of motile cells, suggesting a role for the PKA pathway in the stimulation of motility in birds. Our results also suggested that MAPK1 could be involved in the regulation of motility in intact spermatozoa, because the latter were affected by the addition of U0126. These results are in agreement with earlier studies by Ashizawa et al. [22] , which showed in demembranated chicken spermatozoa that MAPK may be required for motility induction to phosphorylate axonemal and/ or cytoskeletal proteins.
If both PKA and MAPK1 pathways seem to have a role in chicken sperm motility, the linearity parameters (LIN and STR) were affected only by an inhibition of PKA and the proportion of motile spermatozoa by an inhibition of MAPK1 pathway. PKA and MAPK1 pathways could thus act at different levels in the motility mechanism of chicken spermatozoa. On the other hand, the various parameters of motility were not affected by the inhibition of PIK3 or MAPK14 pathways in the present study.
Taken together, the present results showed that some of the signaling pathways positively involved in the acrosome reaction are also positively involved in the motility of chicken spermatozoa (PKA and MAPK1), whereas others are not (PIK3).
In conclusion, the present study identified for the first time the presence in chicken spermatozoa of several key proteins of different signaling pathways. In addition, initiation of the acrosome reaction was prevented by inhibitors of PKA, PIK3, and the MAPK3/1 pathways but, unlike mammals, not by inhibitor of MAPK14. Proteins of the PKA, PIK3, and MAPK1 pathways were also phosphorylated in conditions of acrosome reactions, with differences in the factors of the stimulation of these pathways. Our study suggests that PKA, PIK3, and MAPK1 may participate in initiation of the acrosome reaction of chicken spermatozoa, possibly through sequential events. Although the precise role of these signaling pathways remains to be elucidated, the present findings shed new light on efforts to clarify the molecular mechanisms involved in the fertilization process.
